Objective-To investigate the association of the THBD c.1418C>T polymorphism, which encodes for the replacement of Ala455 by Val in thrombomodulin (TM), with venous thromboembolism (VTE), plasma soluble TM, and activated protein C levels. In addition, human umbilical vein endothelial cells (HUVEC) isolated from 100 umbilical cords were used to analyze the relation between this polymorphism and THBD mRNA and TM protein expression. Approach and Results-The THBD c.1418C>T polymorphism was genotyped in 1173 patients with VTE and 1262 control subjects. Levels of soluble TM and activated protein C were measured in 414 patients with VTE (not on oral anticoagulants) and 451 controls. HUVECs were genotyped for the polymorphism and analyzed for THBD mRNA and TM protein expression and for the ability to enhance protein C activation by thrombin. The 1418T allele frequency was lower in patients than in controls (P<0.001), and its presence was associated with a reduced VTE risk, reduced soluble TM levels, and increased circulating activated protein C levels (P<0.001). In cultured HUVEC, the 1418T allele did not influence THBD expression but was associated with increased TM in cell lysates, increased rate of protein C activation, and reduced soluble TM levels in conditioned medium.
V enous thromboembolism (VTE) has a significant hereditary component, 1 and some reports have assessed the genetic components of plasma variability in hemostasisrelated phenotypes through family-based sampling designs. 2, 3 Heritabilities range from 0.11 to 0.83 1 The protein C (PC) anticoagulant pathway plays an important role in regulating thrombin generation and inflammatory reactions. PC circulates in plasma as a zymogen, which is activated on the surface of endothelial cells by the thrombinthrombomodulin (TM)-endothelial cell PC receptor (EPCR) complex. 4 Once activated, PC is a potent anticoagulant and anti-inflammatory protease. [5] [6] [7] TM is an endothelial cell membrane protein that acts as a cofactor for thrombin in the activation of PC. TM is also independently involved in cytoprotective responses. [6] [7] [8] [9] Studies in animal models suggest that TM deficiency is associated with a prethrombotic state. [10] [11] [12] Heterogeneous soluble forms of TM (sTM) circulate in plasma, 13 and their levels are increased in several clinical conditions. 14 Some of these soluble forms might have anticoagulant activity. 15 Normal levels vary according to the assay used for the measurements, ranging from 2.7 to 5.4 ng/mL 16 or from 25 to 65 ng/mL. 17 Genetic studies have identified many mutations and polymorphisms in the THBD gene, but no clear association with venous or arterial thrombosis has been found. 18 A common single-nucleotide polymorphism in the coding region of THBD (c.1418C>T) (rs1042579), which results in the replacement of Ala455 by Val, has been described. 19 This dimorphism is located in the TM region responsible for thrombin binding and PC activation, suggesting a potential role in the modulation June 2013 of TM function. However, its association with venous [19] [20] [21] [22] [23] and arterial thrombosis [24] [25] [26] is not consistent.
In the present study, we investigated the association of this polymorphism with VTE and plasma TM and activated PC (APC) levels. In addition, human umbilical vein endothelial cells (HUVEC) isolated from 100 umbilical cords were used to analyze the relation between this polymorphism and THBD mRNA and TM protein expression. We found that the presence of the THBD 1418T allele, which encodes for TM Val455, is associated with a decrease in sTM, both in plasma and in HUVEC-conditioned medium, and an increase in functional membrane-bound TM, which could explain the increased levels of circulating APC and the reduced risk of VTE in individuals carrying this allele.
Materials and Methods
Study design, experimental methods, and statistical analyses are described in detail in the online-only Supplement.
Our study included 1173 unrelated white patients with VTE and 1262 unrelated healthy subjects with no history of thromboembolic disease.
HUVEC from 100 umbilical cords were obtained by collagenase digestion and grown to confluence in T-75 flasks. TM levels were measured in HUVEC-conditioned medium and in cell lysates. For Western blot analysis, cell lysates (1.0 μg per lane) from representative HUVEC carrying the 1418 CC (n=2), CT (n=2), and TT (n=2) genotype were subjected from 4% to 12% SDS-polyacrylamid gel electrophoresis (PAGE) under reducing conditions and transferred to a polyvinylidene difluoride membrane. PC activation on HUVEC was performed by incubating cells with PC and bovine thrombin, in the presence or absence of a rat monoclonal anti-EPCR antibody, followed by the measurement of the amidolytic activity of the APC formed.
Genotyping of the THBD c.1418C>T polymorphism was performed by direct sequencing and quantification of mRNA transcripts by real time-quantitative polymerase chain reaction using semiautomatic equipment (Light-Cycler Real-Time PCR Detection System, Roche, Mannheim, Germany).
Results

Clinical Characteristics of the Subjects
The clinical characteristics of the study subjects are presented in Table 1 . These features did not significantly differ in the samples from the 3 hospitals (data not shown). About 32% of the patients (375 of 1173) had spontaneous thrombosis, which is defined as thrombosis in the absence of known triggering risk factors (use of contraceptives, pregnancy, surgery, trauma, and immobilization). The prevalence of classical prothrombotic polymorphisms was similar to that described in other series.
THBD c.1418C>T Polymorphism and VTE Risk
The 1173 patients and 1262 control subjects were successfully genotyped for the THBD c.1418C>T polymorphism. Table 2 shows the genotype distribution. Among the 1262 healthy subjects, the frequency of the 1418T allele was 0.175, which is similar to that reported in previous studies (0.180, 19 0.169, 23 and 0.184 27 ) but lower than in other studies (0.261 20 and 0.280 25 ) . Given that the control subjects were recruited in 3 different geographical areas of Spain, we analyzed the 1418T allele frequency in the 3 control populations. The frequencies of the 1418T allele were 0.184, 0.172, and 0.169 in the control groups from Valencia, Murcia, and Salamanca, respectively, with no significant differences between them. Among the 1173 patients with VTE, the frequency of the 1418T allele was 0.136 (0.140, 0.136, and 0.125 in the group of patients from Valencia, Murcia, and Salamanca, respectively, with no significant differences among them). This is not so different from that observed in a previous study (0.154 19 ) but lower than that reported in other studies (0.213, 20 0.196, 23 and 0.180 25 ).
To identify the associations between genotypes and VTE, we performed logistic regression analyses ( Table 2 ). In a univariate analysis, the presence of the 1418T allele or the TT genotype significantly reduced the risk of VTE. Adjustment for sex, age, and the presence of thrombophilic defects in a multivariate analysis did not significantly modify the odds ratio (OR). When the analyses were performed in the subgroups of patients with rethrombosis (adjusted OR for TT: 0.41, 0.14-1.20) or without rethrombosis (adjusted OR for TT: 0.56, 0.30-1.05), and in the subgroup of patients with provoked risk factors (0.60, 0.26-1.24) or without provoked risk factors (0.48, 0.25-0.92), the ORs did not significantly change.
When both patients and controls were grouped into 2 subgroups, according to whether they were >45 years or not, the protective effect of the 1418T allele was even more pronounced in the younger individuals (adjusted OR for CT and TT: 0.55, 0.43-0.71), whereas the protective effect of the 1418T allele disappeared in those subjects aged >45 years (1.06, 0.81-1.39).
sTM Levels and VTE Risk
To investigate whether sTM levels associated with the risk of VTE, we compared sTM levels in 414 patients with VTE (excluding those undergoing coumarin therapy) and in 451 healthy individuals from whom plasma was available. sTM was significantly higher in the 414 patients with VTE than in the 451 healthy individuals (P=0.005; Table 3 ). To study whether the sTM plasma levels were influenced by the presence of the THBD 1418T allele, we also calculated these levels according to the genotype, in overall individuals as well as in the subgroups of individuals aged <46 years or >45 years ( Table 3 ). In both patients and controls, sTM levels significantly decreased when the number of 1418T alleles increased (P<0.001).
We also analyzed the distribution of sTM levels in patients and controls according to sex. Among the patients with VTE, sTM was higher in men (4.18, 3.75-4.61) than in women (3.88, 3.39-4.68; P=0.001). Also in controls, sTM was higher in men (4.09, 3.42-4.76) than in women (3.72, 3.3-4.23; P<0.001). These results are in agreement with those in previous studies. 16, 28 To assess whether the sTM levels were associated with an increased risk of VTE, we distributed sTM levels into quartiles, as measured in the healthy control group. By taking the first quartile as the reference group, the ORs for the second, third, and fourth quartiles were 1.23 (0.81-1.87), 1.72 (1.16-2.56), and 1.75 (1.18-2.60), respectively, after adjusting for age, sex, and the presence of thrombophilic defects (P for trend <0.001).
Because sTM levels are apparently associated with the THBD c.1418C>T polymorphism, we performed a multivariate analysis to include age, sex, presence of thrombophilic defects, sTM<3.86 ng/mL (50th percentile of the distribution among controls), and the presence of the 1418T allele in the model. The ORs for the presence of the 1418T allele (CT and TT carriers) were 0.75 (0.62-0.90) in the absence and 0.61 (0.45-0.84) in the presence of sTM<3.86 in the model. The OR for sTM<3.86 was 0.65 (0.49-0.86) when the 1418T allele was not present in the model, and 0.61 (0.45-0.84) when the 1418T allele was present, suggesting that both parameters independently protect against VTE.
Activated PC
Given that one possible mechanism by which the carriers of the 1418TT genotype have a decreased risk of VTE is the presence of increased plasma APC levels, we also determined the plasma levels of APC in 414 patients with VTE (excluding those undergoing coumarin therapy) and 451 healthy individuals in whom sTM was measured ( Table 3) . As previously reported, 29 the level of circulating APC was lower in patients with VTE (0.98; 0.72-1.22) than in controls (1.20; 0.98-1.49; P<0.001). We also distributed the APC levels according to the THBD c.1418C>T genotype. In both patients and controls, there was a trend to higher APC levels when the number of 1418T alleles present increased, although (given the low number of subjects carrying the TT genotype) these differences were not significant. An inverse correlation was observed between the APC and sTM levels among controls (r= −0.161; P=0.001).
TM and mRNA Levels in HUVEC
To further investigate whether the THBD c.1418C>T polymorphism is functional, we analyzed the HUVECs derived from 100 human umbilical cords from white newborns. Three cultures were 1418TT, 26 were 1418CT, and 71 were 1418CC. In these HUVECs, we determined the amount of TM in culture medium (sTM) by ELISA and in the cell lysates (membrane-bound TM) by ELISA and Western blot. TM levels in the cell lysate increased (P<0.001) and the level of sTM in the cultured medium decreased (P<0.001) in parallel with the increase of the number of 1418T alleles present (Figure 1 ). Western blot data confirmed the results obtained by ELISA as follows: the concentration of TM increased when the number of 1418T alleles increased (P<0.001; Figure 2 ).
We also determined the THBD mRNA levels in 95 HUVECs in which mRNA was available. THBD mRNA levels in the 67 HUVECs carrying the 1418CC genotype (7.5, 4.1-8.9) did not significantly differ from those found in the 26 HUVECs with the 1418CT genotype (6.1, 3.6-6.6) and in the 2 HUVECs with the 1418TT genotype (6.8 and 3.0; P=0.496).
PC Activation on HUVEC
PC activation on HUVEC carrying the 1418CC, CT, and TT genotypes was compared (Figure 3 ). Because 2 haplotypes of the PROCR, H1 and H3, have been associated with the rate of activation of PC in cultured HUVEC 30 and with the levels of APC in human plasma, 28, 31 we selected HUVEC with the same PROCR genotype (H1H2). The rate of PC activation increased in parallel with the increase of the number of 1418T alleles present. Thus, the activation of PC on HUVEC CC was ≈60% of the activation on HUVEC TT. To estimate the amount of PC activation that is attributable to TM in the absence of EPCR, HUVECs were incubated with mAb RCR-379 to block EPCR-dependent PC activation. Incubation with the anti-EPCR antibody drastically reduced PC activation, but residual PC activation still was higher on HUVEC TT than on HUVEC CC (Figure 3) . 
Discussion
In the present study, we observed that carriers of the 1418T allele in the THBD gene show a lower risk of VTE than noncarriers. We also found that the risk of VTE increased at increasing levels of plasma sTM, and that the presence of the 1418T allele and low sTM levels was independently associated with a decrease in the risk of VTE. Furthermore, we showed that HUVEC carrying the 1418T allele had significantly higher membrane-bound TM and lower sTM levels in culture medium than those not carrying, whereas the THBD mRNA level was similar in carriers and noncarriers. Finally, we showed that cellular TM activity, defined as the thrombin-mediated PC activation on intact HUVEC, was also higher in TT cells than in CC cells.
Several studies have investigated the association between the THBD c.1418C>T polymorphism and venous and arterial thrombosis, with conflicting results. Some studies did not find an association between the polymorphism and the risk of VTE, 22,23 although 1 study observed a lower risk in blacks carrying the 1418T allele. 22 One study observed a higher risk in the presence of the 1418T allele. 32 Regarding the risk of arterial thrombosis, 1 study found a protective effect for the T allele, 25 whereas another observed an increased risk associated with the presence of the T allele. 27 Wu et al 26 reported that the 1418T allele increased the risk of coronary heart disease in blacks, but not in whites. An explanation for these discrepancies may lie in differences in study designs and patient populations, and in small sample sizes. In fact, the sample size in the majority of the previous reports ranged from 18 to 302 patients with VTE, whereas in most studies the age of patients and controls was quite higher than in our study. To further explore the possibility that age could explain the observed differences, we analyzed the association of the c.1418C>T polymorphism with the risk of VTE after classifying patients and controls in 2 subgroups using a cutoff point of 45 years. The adjusted OR for CT and TT was 0.55 (0.43-0.71) in individuals aged ≤45 years and 1.06 (0.81-1.39) in individuals aged >45 years. This might indicate that the protective effect of the 1418T allele against VTE is mainly manifested in younger people. Further studies are needed to confirm and analyze this age-related effect in more detail.
The mechanism by which the 1418T allele protects against VTE is not clear. One explanation could be that the Val455 form has higher cofactor activity for PC activation. However, recombinant Val455 and Ala455, produced by Cos-1 cells, were found equally active in PC activation. 33 Another explanation could be that the 1418T allele is associated with increased membrane-bound TM, resulting in increased PC activation. In fact, the present study shows that the 1418T allele is associated with increased amount of TM in cell lysates and with decreased sTM levels in both plasma and HUVEC-cultured medium. This study also shows that the increased amount of TM in the cell lysates is associated with increased PC activation, which would result in the subsequent increase in circulating APC, as observed in the present study in the plasma of both control subjects and patients with VTE, and a decrease in the risk of VTE. 29 Because there were no significant differences in THBD mRNA levels according to the c.1418C>T polymorphism in HUVEC, together these results suggest that the membrane-bound TM carrying the 455Val (1418T allele) might be more stable and less prone to shedding. Soluble TM represents cleaved forms of membrane-bound TM with loss of part of the serine-threonine rich region, the transmembrane domain, and the cytoplasmic tail. 34 The 455Val residue is located not far from the presumed cleavage site and may induce a protection from TM cleavage by proteases.
Alternatively, the observed association between the THBD c.1418C>T polymorphism and the risk of VTE could be attributed to another polymorphism in tight linkage disequilibrium with c.1418C>T. In fact, we previously observed complete linkage disequilibrium (r 2 =0.98) between the c.1418C>T and c.2729A>C (rs3176123) polymorphisms, and a moderate linkage disequilibrium between the c.1418C>T and c.-1208-1209delTT (r 2 =0.27). 35 As to the levels of sTM, our results indicate that increased levels are associated with higher VTE risk, and this association is, at least in part, independent of the THBD c.1418C>T polymorphism. Increased sTM levels have also been reported in patients with recurrent VTE. 36 In contrast, 1 report did not find association between sTM and risk of VTE. 22 In conclusion, this work provides new data on the agedependent association between the presence of the 1418T allele in the THBD gene and a lower VTE risk. Our results suggest that the 1418T allele in the THBD gene may produce a more stable TM that is protected from shedding, which will result in higher PC activation rate and a lower risk of VTE.
Thrombomodulin (TM) is an important cofactor for the activation of protein C by thrombin on the endothelial cell membrane. In animal models, TM deficiency has been associated with thrombosis risk. Several variants of the human THBD gene have been reported, but their association with thrombosis is not conclusive. One of these is the THBD c.1418C>T polymorphism. In the present study, we demonstrated that in cultured human umbilical vein endothelial cells the THBD 1418T allele is associated with increased levels of functionally active membrane-bound TM and lower levels of TM in the human umbilical vein endothelial cells-conditioned medium. In concordance, individuals with the THBD 1418T allele showed lower plasma levels of soluble TM, higher plasma levels of circulating activated protein C, and a reduced risk of venous thromboembolism. Together, these data support the view that the THBD c.1418C>T polymorphism is functional and that the 1418T allele protects from venous thromboembolism. Identification of new genetic variants associated with thrombosis will contribute to future strategies to estimate the thrombosis risk of an individual.
Significance
